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Abstract

Infectious diseases are illnesses caused by harmful pathogens from the exterior. Vaccines could prevent many people from
disease infection. Over the past several years, the development and application of molecular diagnostic techniques have
launched a revolution in monitoring infectious diseases. Polymerase chain reaction (PCR)-based systems to diagnose the
etiologic agents of disease from clinical samples have been applicable in pathogen detection. We demonstrate a microflu-
idic chip for continuous flow PCR. The PDMS/glass bonding chip provides a miniaturized, cheap, and disposable mate-
rial for pathogen diagnosis. The homemade thermal control module integrated with two cartridge heaters and one Peltier
element supports the denaturation, extension, and annealing regions created inside the chip. Due to the large surface-to-
volume ratio in the microchannel, the surface characteristics might augment the protein adsorption onto the channel sur-
faces and reduce the PCR amplification efficiency. We measure the hydrophilic properties, roughness of the wall and the
structure of the surface under various surface treatments and express the PCR amplification efficiency. Results show that
the most detailed is the PDMS sheet with the modification of Tween 20 of a concentration of 20% for the reduction of
methyl peak of the absorption spectrum, the lowest contact angle, and the minor surface roughness. Next, the continuous
flow PCR system amplifies a 385-bp segment of Q fever virus DNA to evaluate the performance of the DNA amplifica-
tion. The overall product of Tween 20 is good because Tween 20 is an emulsifier, and it has excellent performance in
both adhesion properties and coated samples. The need for point-of-care test (PoCT) devices has increased rapidly since
the outbreak of COVID-19. The current portable device for PoCT will provide essential tools for real-time diagnosis.

1 Introduction require a desktop instrument and laboratory processing.

However, it is difficult to diagnose many infectious cases in

During infectious disease outbreaks, the centers for disease
control need to monitor particular areas. Regular monitor-
ing ensures effective therapy and detects treatment failure as
early as possible to minimize the emergence of drug-resis-
tant microbes. In well-resourced settings, the cornerstone
of monitoring requires standard assays, usually performed
on a large laboratory platform device. Most of the devices
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remote areas due to limited access to diagnostic tests, insuf-
ficient sensitivity, or long turnaround times. More rapid
and accurate detection at lower levels of care is necessary
to reach these lost and missed cases. Developing portable,
user-friendly, and cost-effective systems for real-time diag-
nostics is helpful.

Since Saiki et al. (1985), and Mullis and Faloona (1987)
introduced the polymerase chain reaction (PCR) assay,
nucleic acid amplification has become one of the most reli-
able techniques in molecular diagnostics of infectious dis-
eases. It offers speed and sensitivity for pathogen detection.
Commercial PCR devices typically comprise a computer-
controlled thermocycler and several reaction chambers. In
these PCR machines, a Peltier element is commonly the
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heating and cooling source to support the required tempera-
tures for PCR. Though PCR is a widely used technology
for DNA amplification, temperature cycling during PCR
increases the system cost and the operation time. Three con-
secutive steps (denaturation step at about 95 °C, annealing
step at about 55 °C, and extension step at about 72 °C) per
cycle are necessary for DNA replications. Usually, many
researchers use 35 thermal cycles to complete the process.
However, the PCR chip introduces the possibilities of cheap-
ness and rapidity by using a diverse choice (thermoelectric
modules (Chiou et al. 2013), thin film resistors (Felbel et al.
2008), and cartridge heaters (Chen et al. 2013).

The chamber-type PCR chip is a miniaturized version of
the conventional thermal cycler. The temperature of the sta-
tionary mixture inside the chip is cyclic. On the other hand,
the amplification mixture repeatedly moves through two
or three isothermal regions to complete thermal cycles in
the continuous-flow PCR (CFPCR) chip. The geometry of
channels and the arrangement of heating regions determine
the residence time and the number of thermal processes.
Rapid thermal cycling is beneficial compared with the typi-
cal chamber-type PCR.

There are three main types of CFPCR chips: unidirec-
tional (Kwak et al. 2021), closed-loop (Wang et al. 2009),
and oscillatory (Kopparthy and Crews 2020) chips. Each
one has its advantages. A syringe pump pushes the reactive
sample through a channel among several constant tempera-
ture regions for the unidirectional chip. The mixture flows
into the inlet, performs the PCR process, finishes the requi-
site thermal cycles, and then flows out the outlet for detec-
tion. However, the long sample moving distance could result
in high PCR inhibition. So, the surface of the microchannels
was modified with chemicals to fix the inhibition issue.

Several proteins, such as 7ag DNA polymerase and
template DNA, are inside the PCR mixture. When the free
energy between a surface and a protein is less than that of
the interface and water, protein adsorption usually occurs on
the surface. Because commonly used materials, e.g., hydro-
phobic polydimethylsiloxane (PDMS), in the microchan-
nel, tend to have relatively higher free energies than bulk
water, proteins sometimes absorb on the channel surface to
be stable. The PCR mixture flows through the long micro-
channel, i.e., increased overall contact surface, to complete
the PCR process for the unidirectional chip. Thus, the sur-
face chemistry of the inside wall of microfabricated devices
critically affects the efficiency of PCR, so many researchers
paid much attention to protein absorption during CFPCR.

Bovine serum albumin (BSA) is the most widely used
protein for surface passivation applications. BSA coats the
channels very well and keeps proteins of interest from sur-
face adsorbing (Qin et al. 2016). Nakayama et al. (2006)
utilized 0.2 mg/mL BSA to prevent the adsorption of PCR
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reagents on the PDMS channel surface. Due to the PCR
enzyme binding non-specifically to the PDMS channel
walls and becoming inactive in a high surface-to-volume
ratio reaction, Cao et al. (2012) used BSA as a blocking
agent to improve amplification in microchannels. They opti-
mized the PCR assay for 0.03% (w/v) BSA concentration
to push the detection limit to 104 copies/mL. Jiang et al.
(2014) pre-passivated the inner surface of the PDMS chip
channel before PCR amplification under a continuous BSA
flow (0.05 mg/mL) to alleviate the Tag-polymerase adsorp-
tion. Han et al. (2014) did an acid/base solution treatment to
prevent the binding of biomolecules on the PDMS surface.
They injected HCl and NaOH solution to neutralize the inner
charge of the PDMS surface. BSA was then incubated for
30 min inside the microchannel for efficient surface treat-
ment. Their results demonstrated that the PCR amplification
in untreated channels decreases the product concentration
due to the binding of biomolecules to the PDMS surface.
Kopparthy and Crews (2020) used a 2.5 mg/mL BSA in the
PCR mixture. BSA binds to the amino silane PDMS chan-
nel walls and prevents the intercalating dye, LC Green, and
DNA binding. Polytetrafluoroethylene (PTFE), consisting
of carbon and fluorine, is an excellent hydrophobic material
for microfluidic applications. Peham et al. (2011) included
BSA in the master mix for dynamic passivation of the micro-
fluidic tubing consisting of transparent PTFE. Although the
PTFE tubing has inert properties, | mg/mL, BSA stabilized
DNA polymerases and increases PCR efficiency.

Some researchers utilized other surface treatment
reagents with BSA to reduce the surface adsorption effect.
The surfactant Tween 20 (CsgH;40,6) served as a dis-
persant, emulsifier, and solubilizer to protect the enzyme
(Coutlée and Voyer 1998). Schneegal et al. (2001) found
BSA to be very effective in preventing surface denatur-
ation of polymerase on glass channel surfaces. In addition
to the surface treatment of the chip device and the supple-
ment of BSA and Tween 20, mineral oil presented a good
combination for the efficient amplification of DNA in the
chip device. Felbel et al. (2004) used a chemically oxidized
silicon ((CH;),SiCl,)-modified PCR chip made in silicon
in combination with dynamic coating with 1.5 pM BSA to
repress the surface-mediated inhibition of 7ag DNA poly-
merase and template DNA. It demonstrated that the PCR’s
specificity and product yield were equivalent to a conven-
tional PCR machine. Chen et al. (2007) used a silanized
glass capillary with dimethyldichlorosilane (DMDCS) in
combination with dynamic surface passivation comprising
0.1% (v/v) Tween 20, 0.01% (w/v) poly(vinylpyrrolidone)
(PVP), and 0.2 mg/mL BSA to reduce reagent adsorption
and PCR inhibition and enable efficient PCR.

The other treatment methods also positively affect the
modification of the PDMS surface. Kwak et al. (2021)
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demonstrated a consecutive serial analysis for multiple
amplified DNA samples in a CFPCR microchip. The iso-
bornyl acrylate (IBA, a highly hydrophobic monomer)
mixture (poly(ethylene glycol) dimethacrylate and Irgacure
included) with a UV irradiation modifies the surfaces of
PDMS microchannels to fix polyacrylamide gels. 2-meth-
acryloyloxyethyl phosphorylcholine (MPC, C,;H,,NO4P)
has a zwitterionic phosphorylcholine headgroup and can
prevent nonspecific protein adsorption very well (Seetasang
and Xu 2022). Fukuba et al. (2004) coated the surface of the
PDMS channel with an MPC-based polymer with a silane
coupler. The MPC-based polymer coating terminates the
adsorption of DNA polymerase onto the entire surface of the
PDMS microchannels. Kuan et al. (2008) studied the effects
of grafting poly(ethylene oxide) (PEO, C, Hy, ,,0,. ;) onto
the surface of a PDMS microchannel on the amplification
efficiency of a microfabricated device for PCR. The surface
treatments with PEO-based surfactants, such as neat silane
and Pluronic® F127 ((C;HO-C,H,0),), increased in the
PCR amplification of a 298-bp DNA product and a 1.1-kb
DNA product. Kim et al. (2022) presented the fabrication of
a microfluidic PCR device integrated with a PID system and
real-time thermal feedback for genetic analysis. The MPC-
based polymer was coated to the surface of the PDMS chan-
nel to prevent the adsorption of protein molecules onto it.

During PCR, the extension time is longer than the dena-
turation and annealing time. Previous studies (Schneegal3 et
al. 2001; Joung et al. 2008; Wu et al. 2015; Kulkarni et al.
2021) used a long microchannel on each extension region
to obtain the required extension time for CFPCR. The
DNA mixture moves through three isothermal zones, and
the length of the extension zone is usually more significant
than that of the other two zones. Then, the microfluidic chip
size may be increased. The microchannel width increases
and then decreases gradually between the denaturation and
annealing regions, and the extension region is located in the
enlarged part of the channel. Hence, obtaining the required
extension time over the microchannel is possible. Li et al.
(2006) presented a CFPCR microchip with a serpentine
channel of varying width for regional velocity control. The
ratio of the widths for denaturation, annealing, and exten-
sion zones was predetermined to 1:2:4, respectively. Chen et
al. (2015) introduced heat pipes into the cooling module in a
CFPCR device. The 30-loop meandering channel is 150 pm
in width except for the extension region, which has a maxi-
mum width of 540 um. They can appropriately extend the
residence time during the extension stage. Kaprou et al.
(2019) fabricated a CFPCR chip to amplify the exon 20 of
the BRCALI gene and the plasmid pBR322. The duration of
the extension step increases with the microchannel width
increasing by 1.5 at the extension zone.

Static passivation involves pre-treating the channel sur-
face with a passive coating. Researchers have dealt with
efficient surface treatments before biological reactions
under a continuous passive substance flow for some time
or incubated passivation reagents inside the microchan-
nel. Dynamic passivation involves including passivation
reagents in the reactive mixture to make the material com-
patible with the reaction. Some have dealt with surface pas-
sivation using a passive reagent in the PCR mixture. Despite
the advantages of PDMS as the materials in microfluidics,
its hydrophobicity may cause problems such as difficulty
filling aqueous solution and adsorption of biological mol-
ecules, especially in miniaturized devices with high surface-
to-volume ratios. However, previous studies conducted
surface treatment issues in CFPCR devices. The effect of
various materials on surface passivation still needs detailed
information.

To establish a smooth temperature gradient on the uni-
directional CFPCR chip, many researchers set the ordinal
position of temperature zones as denaturation, extension,
and annealing with three individual heating elements. Hsieh
et al. (2022) presented a microfluidic PCR chip and two
aluminum blocks with an electric heating film separately
defined the temperature zones of 95 and 60 °C. In contrast,
the heat transfer from the sides of the aluminum blocks
maintains the extension temperature zone in the middle of
the device.

This study describes a continuous-flow thermocycling
approach and shows that we utilize homemade thermal con-
trol sources to accomplish fast temperature ramping. Inte-
grating one Peltier element onto the microfluidic CFPCR
chip makes generating and regulating the annealing temper-
ature easy. The infrared absorption spectrum, contact angles
and surface roughness demonstrate the comprehensive sur-
face measurements. We use the surface characteristics to
examine the protein absorption effect of the hydrophobic
PDMS surface. Finally, results show that a 385-bp segment
of Coxiella burnetii DNA is amplified successfully in the
DNA amplification system.

2 Materials and methods

The continuous flow device for polymerase chain reaction
consists of one glass/ polydimethylsiloxane (PDMS) bond-
ing microfluidic chip with a poly(methyl methacrylate)
(PMMA) structural frame, three homemade thermal con-
trol modules for each isothermal region, and a commercial
syringe pump for the DNA mixture injection. After finishing
the bonding chip, we utilize the surface treatment method
to reduce the protein absorption onto the microchannel. We
employ two cartridge heaters and one thermoelectric (TEC)
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cooler to heat up and cool down the temperature of the DNA
mixture during thermal cycling, respectively. The DNA
mixture moves through the denaturation, annealing, and
extension regions to complete one PCR thermal cycle. With
the increasing and decreasing width of the microchannel
during the extension, the duration time is adequate for PCR
thermocycling. After passing through a designated thermal
cycle number, we take the DNA product out of the chip for
gel electrophoresis.

2.1 Design and fabrication of the reaction chip

We can fabricate the PDMS chip using microelectrome-
chanical system (MEMS) technology. The microfluidic chip
is ready after bonding the glass slide onto the PDMS chip.
The channel pattern designs the number of cycles performed
throughout the chip. The channel layout and the flow rate of
the mixture determine the residence time a mixture element
spends in each temperature zone.

Our earlier works (Chen et al. 2013, 2015) have depicted
the comprehensive fabrication process of the PDMS-glass
bonding chip, which includes two steps. The first one is the
photolithography process. We clean a silicon wafer by fol-
lowing a specific protocol and dehydrate it on a hotplate.

An epoxy-based negative photoresist (SU-8) is spin-coated
on a silicon wafer. The photoresist is then soft-baked. The
channel pattern exposed to ultraviolet (UV) becomes cross-
linked. After development, the master wafer is post-baked
to fix the photoresist. Once the mold is complete, the wafer
is rinsed in deionized water (DI water) and dried with
nitrogen (Fig. 1(a)). The second one is the casting process.
The PDMS (Sylgard 184, Dow Corning, Midland, Michi-
gan, USA) mixture thoroughly mixed with the precursor
and curing agent in a 10:1 weight ratio is degassed with
a mechanical vacuum pump to remove air bubbles. After
pouring the PDMS mixture onto the SU-8 patterned mas-
ter, the PDMS cures in a convection oven, and the replica
is peeled off carefully from the master. The hole puncher
creates the chip’s inlet and outlet. Methanol is a surfactant
that prevents the oxygen-plasma-treated PDMS replica and
glass slide from being irreversibly bonded and improperly
aligned. The designed chips are ready after surface oxida-
tion and bonding, as shown in Fig. 1(b).

The PDMS chip is 65 mm X 25 mm X 2 mm in outer size.
A PDMS channel sheet bonding with a flat glass substrate
(75 mm X 25 mm X 1 mm) forms the microfluidic chip.
The chip channel is composed of 30 identical cycles. The
channel size of the CFPCR chip is 50 um in-depth (shown

Fig. 1 (a) A photographic image
of the SU-8 mold. (b) A photo-
graphic image of the CFPCR chip
comprising a PDMS layer and a
glass slide
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in Fig. 2(a)) and 150 pm in width except for the extension
region, with a maximum width of 650 ym and 1296.37 mm
in length. To ensure enough time for DNA extension, the
width of the channel increases to 650 pm and then decreases
to 150 pum at the extension region. Figure 2(b) also shows
the SEM pictures of the microchannels. We utilize a PMMA
housing to assemble the glass slide, the PDMS microchan-
nel sheet, and three heating modules.

2.2 Heating module, cooling module and
temperature sensing system

Each homemade thermal control module incorporates one
proportional/integral/derivative (PID) controller, cartridge
heater or Peltier element, thermocouple, and aluminum
block. Two sets of thermal control modules maintain the
denaturation and extension temperatures of the chip. Another
thermal control module combined with one T-shaped alu-
minum block is located beneath the annealing region and
sustains the annealing temperature, as shown in Fig. 3(a).

Fig. 2 (a) The depth of micro-
channels. (b) SEM pictures of the
microchannels
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The heating module comprises one heating element, a 5
VDC power, an NPN Darlington power transistor (TIP120),
and some electric elements, shown in Fig. 3(b). We have
illustrated the detailed circuit diagram in the previous work
(Chen et al. 2015). The denaturation or extension region
on the chip utilizes a cartridge heater (3.175 mm diameter,
3.8 mm length, 10 W, C1J-9412, Watlow, St. Louis, Mis-
souri, USA) as a contact heating source. The heater is cov-
ered by an aluminum rectangular prism, fixed on the frame
constructed of extruded aluminum, and powered by a pro-
grammable DC voltage supply under the control of a home-
made circuit. It increases the mixture temperature inside the
microchannel to the desired temperature.

A Peltier element (TEC1-12710, Tun-Hwa Electronic
Material Co., Ltd, Taichung, Taiwan) mounted on an alumi-
num extrusion frame cools the central part of the chip down
to the annealing temperature. The supply voltage for the
Peltier element is 12 VDC. The Peltier element absorbs the
thermal energy from the chip and then creates the annealing
region for the DNA mixture. A PMMA block is attached to
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Fig. 3 (a) A photographic image
of the portable CFPCR device
and a schematic diagram of the
portable CFPCR device. (b) A

photographic image of the ther-
mal control module

the aluminum frame to reduce thermal interference, and two
air gaps are between adjacent areas.

A LabVIEW program and a data acquisition system (NI
9211, National Instruments, Austin, Texas, USA) are used to
measure the mixture temperatures during the thermal cycles
to ensure the requirements for PCR. A thermocouple (K30-
2-506, Watlow, St. Louis, Missouri, USA) with an outer
diameter of 0.01 measures the mixture temperature inside
the microchannel during thermal cycling. The thermocouple
connects to a data acquisition system that converts analog
signals to digital ones. A computer receives the temperature
signals through the data acquisition module and records the
real-time temperature profiles. The program profiles the
temperature within the DNA mixture while the mixture is
heated by the cartridge heaters or cooled by the Peltier ele-
ment. After the temperature measurement, we performed
the PCR procedures.

2.3 Surface treatment

Due to the dramatic increase in the surface-area-to-volume
ratio in microchannels, controlling the surface properties is
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crucial in biological microfluidics. For example, the protein
adsorption of the channel wall is a significant effect that must
be prevented during PCR, as it can significantly degrade the
amplification performance. Protein absorption is a criti-
cal issue on the hydrophobic surface of the PDMS chan-
nel. Furthermore, the hydrophobicity also causes complex
filling processes of the aqueous solution inside the micro-
channel. To reduce the adsorption of enzymes and DNA
templates by the PDMS surface and then improve reaction
efficiency (Erickson et al. 2005), we use chemical additives
and passivate bovine serum albumin (BSA), polyvinylpyr-
rolidone (PVP, (C;HyNO),) or Tween 20 (CsgH;140,6) to
coat on the reaction chambers and the flow channels. In our
experiments, we add various concentrations of BSA, PVP
and Tween 20 to prevent the adsorption of PCR reagents.
In the part of surface structure, we use Fourier trans-
form infrared spectrometer (FTIR) (Thermo Nicolet Avatar
360 FTIR System, Thermo Fisher, USA) to take the Infra-
red spectra of PDMS surfaces and modified PDMS sur-
faces. Molecular vibration changes the net dipole moment
between atoms so that the frequency of molecular vibration
changes accordingly. When this frequency is the same as the
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frequency of infrared rays, the sample absorbs infrared rays,
and the FITR measures the absorbed infrared radiation to
determine the functional group of the measured substance.
The frequency of molecular vibration is related to elements
and bonds. Each bond vibrates at a specific frequency,
absorbing a particular amount of energy. For measurements
on coated PDMS sheets, we immersed PDMS for 60 min in
buffer solutions containing the surfactants.

We use a contact angle meter (FTA-1000B, First Ten
Angstroms, USA) to measure the contact angle of the solid
surface. The contact angle is formed by the liquid/gas inter-
face to the concrete surface, and its value range is between
0° and 180°. Using this characteristic, we can understand
the hydrophilicity/hydrophobicity of PDMS before/after
surface treatment (Trinh and Lee 2022). 40 mm X 40 mm X
5 mm PDMS blocks were used, and surface treatments were
performed by immersion instead of flowing the reagents.

We utilize an atomic force microscope (AFM) (JPK
NanoWizard® V, Billerica, Massachusetts, USA) to exam-
ine and observe the surface morphology of the substrate.
The detection device uses the measuring element to inter-
cept the height change between the sample and the probe
and then send it back to the computer for signal processing.
Then, we can obtain the average roughness of the PDMS
surface structure. An original, untreated PDMS block was
tested as a comparison.

2.4 DNA sample preparation and PCR operations

A hydrostatic pressure created by the syringe pump drives
all DNA mixtures through the microchannel. Before the
sample injection, we passivate the channel wall to reduce
the problem of surface compatibility and avoid PCR inhi-
bition by interacting biomolecules with the walls. Finally,
the PCR product is collected in a vial and analyzed using a
polyacrylamide gel stained with ethidium bromide to con-
firm the accuracy of the PCR.

Q fever is a pandemic disease with acute and chronic
conditions caused by the bacteria Coxiella burnetii. On the
portable device and commercial PCR machine (MJ Mini™
48-Well Personal Thermal Cycler, Bio-Rad, Hercules,
California, USA), we amplify a 385-bp segment of Coxi-
ella burnetii DNA to evaluate the performance of the DNA
amplification. The reaction mixture for CFPCR requires 50
puL of a mixed solution, which contains 5 uL of 250 ng/uL
of the DNA template, 2.5 pL of 0.5 uM of each forward and
reverse primer, 25 pL of 2X reaction buffer, 5 uL of 1.5 mM
MgCl,, 1 pL of 0.2 mM of each dATP, dGTP, dCTP, and
dTTP, and 1.25 U/uL of Tag DNA polymerase and nuclease-
free water.

The thermal cycling program for the commercial PCR
machine involves heating the PCR mixture at 94 °C/3 min

to denature the initial DNA, followed by denaturation at
94 °C/30 sec, annealing at 55 °C/30 sec, and extension at
72 °C/30 sec. Upon completion of 30 thermal cycles, the
temperature of the DNA product keeps at 72 °C/3 min for
the final extension. The negative control experiment replaces
the template genomic DNA with nuclease-free water.

After the PCR process, the products are collected in a
vial from the chamber and mixed with 1X blue dye. We use
an agarose gel electrophoresis (Mini-Sub Cell GT System,
Bio-Rad, Hercules, California, USA) to analyze the PCR
products. 10 pL of each sample are loaded onto 2% agarose
gel (Certified Molecular Biology Agarose, 25 g #1,613,100,
Bio-Rad, Hercules, California, USA) and electrophoresed
in 10x Tris/Boric Acid/EDTA (TBE) buffer. After electro-
phoresis for about 40 min at 120 VAC, the gel is stained
with 10 mg/mL ethidium bromide solution and imaged
under UV illumination.

After the bonding process, we use several reagent mix-
tures to modify the surface of the PDMS channel to reduce
the protein absorption effect. Each mixture flows through
the polytetrafluoroethylene (PTFE) tube and stays inside the
channel for 24 h for absorbance on the surface. Then, the
deionized water flushes the channel to remove the reagent
mixture. The DNA mixture moves through three sequential
reaction regions corresponding to the denaturation, anneal-
ing, and extension regions.

3 Results and discussion

The following sections comprehensively examine the influ-
ences of operational parameters on the temperature profiles
and the surface characteristics along the PDMS channel.
The channel undergoes two heating sources and one cool-
ing element during PCR processes. Finally, the PCR experi-
ments are carried out using a continuous flow device.

We set a PDMS sheet (75 mm X 25 mm X 2 mm) on the
glass substrate (75 mm X 25 mm X 1 mm). The structure
is 75 mm long, 25 mm wide, and 3 mm thick. We set two
constant temperature zones (40 mm X 8 mm) with different
temperatures on both sides of the bottom of the substrate
and a low-temperature zone in the middle of the backside
of the wafer and then present the three temperature zones
specified by PCR. The traditional continuous-flow PCR
chip sets the middle-temperature zone in the center for the
extension. The medium-temperature site is affected by the
high-temperature and low-temperature zones at both sides
of the chip, and the isothermal area presented is relatively
narrow. However, in the PCR process, the sample takes a
long time in the extension temperature zone, so we move the
medium temperature zone to one side of the chip. We then
set the low-temperature zone in the center and simulated
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the temperature field for this configuration to explore the
internal temperature distribution. For the part of the micro-
channel, we set the size to be 150 pm in width and 50 pm
in height, and the width of the flow channel at the widened
part is 650 um.

3.1 The measurement of the chip temperature

Since PCR mainly utilizes the thermal cycles of DNA
samples to achieve DNA amplification, temperature accu-
racy is essential to PCR technology. Therefore, this study
uses three methods for temperature measurement: real-time
infrared temperature measurement, chip internal tempera-
ture measurement and thermochromic dye.

First, we use a self-made temperature control module to
measure the chip’s temperature. The temperature measure-
ment element of the module is DS1821. We set up three
DS1821s, attached them to the bottom of the two heating
aluminum blocks and the hot end of the cooling chip, and
conducted temperature measurements. Then, we use an
8051 single chip to extract the temperature measured by the
temperature control module and observe its temperature rise
and stability, as shown in Fig. 4.

Figure 4 shows that the high-temperature and medium-
temperature zones reach the specified temperature within
600 s and are stable. The part in the low-temperature zone
reaches the set temperature initially, and the chip keeps in
a state of thermal equilibrium. When the heating element

starts to heat up, and the temperature of the central part
exceeds the specified temperature, the cooling chip starts to
transmit heat energy to the heat dissipation fins. Therefore,
we find from the figure that the temperature of the cool-
ing chip is above the requisite temperature. It stabilizes
after 30 min, mainly because of the high-temperature and
medium-temperature zones. Hence, the energy taken away
by the cooling chip gradually increased. Still, the chip tem-
perature was required to reach the PCR temperature, so the
self-made temperature control module set can provide the
necessary temperature for PCR. After confirming the fea-
sibility of the temperature device, we carry out the chip’s
temperature measurements.

We measure the temperature of the chip surface and use
an infrared thermal imager to capture the radiant energy of
the chip surface and convert it into a picture file. Then, we
use the fixed-point temperature measurement function of
the thermal imager’s built-in software to obtain the image’s
fixed-point temperature of different coordinates on the
surface of the chip. We divide the chip’s surface area into
upper and lower parts, capturing 15 points up and down in
the Y direction to get 30 fixed-point temperatures. Finally,
we catch 10 times in the X direction to get 10 temperature
curves on the chip surface. A total of 300 fixed-point tem-
peratures are shown in Fig. 5(a).

Since the infrared thermal imaging camera can only mea-
sure the surface temperature of the chip, we find from the
previous results (Chen et al. 2015) that there exists a slight
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temperature difference between the surface temperature and
the internal temperature. Therefore, it is impossible to cor-
rectly determine the internal temperature if only the surface
temperature of the chip is measured. Consequently, we use
a single-core wire to make a temperature-measuring chip
model and then use PDMS molding technology to create
a temperature-measuring chip with a measurement channel
for temperature measurement with a thermocouple ther-
mometer. We mark on the surface of the self-made chip 18
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Fig. 5 (a) IR imaging-based temperature distribution of CFPCR chip.
(b) The measured locations of the thermocouples at several points. (c)
The measured temperatures lined at the estimated locations

temperature measurement points to ensure the accuracy and
uniformity of temperature, as shown in Fig. 5(b). Then, we
compare the 18 fixed-point temperatures measured by the
self-made temperature measuring chip with the 30 tempera-
ture average curves of the infrared thermal imager. We pro-
duce a comparison curve between the surface and internal
temperatures, as shown in Fig. 5(¢c). The figure shows a 6 to
10 K temperature difference between the exterior and inte-
rior of the high-temperature zone and the medium-temper-
ature sites. In comparison, the temperature difference of the
low-temperature area is about 2 to 4 K, which is consistent
with the results of the previous research. The method can
confirm the interior temperature and use this result to match
it with an infrared thermal imaging camera for instant tem-
perature determination.

From Fig. 5(c), we can understand the temperature distri-
bution inside the chip through the above method. We use a
thermochromic dye to demonstrate the temperature distribu-
tion of the sample flowing in the microchannel. We dilute
and mix the temperature dye with DI water at a volume
ratio of 4:1 and inject it into the microchannel with a con-
stant width for observation, as shown in Fig. 6(a) and (b).
When the sample enters the high-temperature zone, it offers
a transparent color, as shown in Fig. 6(a). When it enters the
low-temperature area, the temperature-changing dye gradu-
ally turns black. It also appears transparent as the sample
flows into the middle-temperature area, so the sample in the
micro-channel reaches the temperature required for PCR. In
Fig. 6(b), the temperature of the traditional micro-channel
with a constant width changes color at the turning point
near the low-temperature area in the middle-temperature
area. The dye turned back to black. However, this phenom-
enon does not occur while the channel expands to widen
in Fig. 6(a). Therefore, the microchannel designed in this
manuscript provides the temperature required by PCR and
is better than the traditional microchannel type.

3.2 Surface treatment

The adsorption channel phenomenon of DNA polymerase
affects the reaction efficiency of PCR. DNA polymerase
is a protein and is composed of amino acids. However,
amino acids consist of amino acids through condensation
reactions. All amino acids contain the functional groups
of amine (-NH2) and carboxylic acid (-COOH). PDMS is
a high-molecular organosilicon compound, and the func-
tional groups on the surface of PDMS are all methyl groups
(-CH3). Therefore, when the carboxyl group of DNA poly-
merase reacts with the methyl group of PDMS, it inevitably
affects the results of PCR experiments. The common point
of the three surface treatment reagents we use is that they
are all soluble in water and cover the target object as a thin
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Y

(b)
Fig. 6 The effect of the channel geometry on the temperature distribu-
tion visualized qualitatively using a thermally sensitive dye. The tran-
sition point lies between the heating blocks when the fluid with dye

moves. (a) The traditional microchannel with a constant width. (b) The
microchannel with various widths
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film to achieve a barrier effect. Therefore, we mix deion-
ized water and surface passivation reagents at different con-
centrations. We add PDMS sheets to the surface passivation
reagent, soak it for 1 h (Fukuba et al. 2004; Joung et al.
2008; Han et al. 2014), and remove the surface liquid. Thus,
we compare the surface modification effect of the surface
treatment reagent on PDMS.

The spectrum of FTIR used in this work is mid-infrared,
ranging from 4000 to 700 cm~!. FTIR is used to measure
the absorption spectrum of untreated PDMS, which can be
used as a control group for comparison in subsequent dis-
cussions, as shown in Fig. 7. The specific methyl absorp-
tion fragments are 3000~2900 cm~!, 1700~ 1400 cm™!,
1300~1200 cm™', and 900~700 cm™! in the FTIR spec-
trum (Johnson et al. 2013). In the follow-up discussion,
we compare the absorption intensity of surface passivation
reagents at the corresponding range. Then, we discuss vari-
ous concentrations of surface treatment reagents and their
modification effects. Reaching a good reagent concentration
with the other two, the most suitable reagent for modifying
PDMS can be obtained.

We consider the absorption spectrum of BSA-modified
PDMS sheets. BSA owns the characteristics of proteins
as DNA polymerase does to form a protein film inside the
microfluidic channel, which reduces the contact surface
between DNA polymerase and PDMS. Figure 8(a) shows
the absorption spectrum of different BSA concentrations for
PDMS surface modification. From Fig. 8(b), in the range of
1700 to 1400 cm™!, it can be found that after BSA modi-
fication, when the concentration is above 0.5 mg/mL, the

\
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Fig.7 The FTIR spectrum for bare PDMS sheet
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methyl peak of 1412 cm™! decreases slightly more than
unmodified PDMS. Therefore, BSA has little effect on mod-
ifying methyl groups. There are two new peaks at 1652 and
1540 cm™'. These two peaks are the functional groups of
BSA at a concentration of 2 mg/mL and 4 mg/mL. How-
ever, when we add the methyl spectrum for comparison, the
methyl peak at 2960 and 2905 cm™! is better at 4 mg/mL
concentration.

Next, we discuss the infrared absorption spectrum of the
PDMS sheet modified by PVP. Figure 9(a) shows that the
chemical structure of PVP has a functional methyl group.
Still, because PVP has pretty good adsorption and biocom-
patibility, it expresses that PVP uses the functional group
to bond with the surface of PDMS to form a thin film and
then further avoid sample adsorption on PDMS. Figure 9(b)
shows the specific absorption spectrum of the methyl
group. The peaks significantly improve, but the others tend
to decrease. Although the FTIR spectrum cannot judge
whether the PVP reagent’s functional group has modified

Fig.8 (a) The FTIR spectra for
the PDMS sheet treated with
BSA solutions. (b) The specific
FTIR spectra for the PDMS sheet
treated with BSA solutions

Surface treatment

BSA (0.5mg/ml)
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the microchannel wall, By observing the absorption spectra
of PVP and PDMS, the modification effect at a concentra-
tion of 4 mg/mL is relatively good.

Finally, we discuss the absorption spectrum of the PDMS
sheet modified by Tween 20. Tween 20 is a kind of ester,
and its chemical bond structure has the characteristics of
hydrophilicity at one end and lipophilicity at the other. After
the passage, the sticky properties of esters tend to attach
the hydrophobic end to the wall and protect the DNA poly-
merase with the hydrophilic end, as shown in Fig. 10(a).
Figure 10(b) indicates that Tween 20 has a new methyl
peak at 2906 cm™ ! at a 5 to 20% concentration. This peak is
the functional group of Tween 20, but it differs from other
methyl peaks. Compared with this, there is a trend of sub-
stantial reduction, so a 20% concentration is better than dif-
ferent concentrations.

We compared the influence of the concentration of differ-
ent surface treatment reagents on the absorption spectrum
of PDMS methyl groups. The reagents were 4 mg/mL of
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Fig.9 (a) The FTIR spectra for
the PDMS sheet treated with
PVP solutions. (b) The specific
FTIR spectra for the PDMS sheet
treated with PVP solutions
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BSA, 4 mg/mL of PVP and 20% of Tween 20, as shown in
Fig. 11(a). Figure 11(b) shows a significant peak in the 3000
to 2800 cm™!; here is the functional group of Tween 20. We
find two functional groups of BSA in the 1700 to 1400 cm ™!
field. However, the methyl peak of PVP is higher than that
of the control group in the part of 1300 to 700 cm™'. There-
fore, Tween 20 is the best surface structure, followed by
PVP and BSA.

Because hydrophobic PDMS microchannels have rela-
tively high free energies compared to water, proteins tend
to absorb them on the channel surface. This paper’s three
surface passivation reagents are soluble in water. We can
measure the hydrophilicity and hydrophobicity after sur-
face treatment to consider the adhesion effects between the
film produced by surface passivation treatment and PDMS.
The measurement uses a contact angle goniometer with DI
water as the liquid. When the contact angle exceeds 90°, it is
hydrophobic; otherwise, it is hydrophilic. Firstly, the PDMS
without surface treatment is measured, and its contact angle

@ Springer
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is 106°, as shown in Fig. 12(a). After standing for a while,
the contact angle remained at hydrophobicity (103°), as
shown in Fig. 12(b).

After immersing PDMS in the surface treatment reagent
for 1 h, we measure the contact angle immediately after
removing the surface liquid. Figure 13(a) to (c) show that the
contact angle profile of each surface treatment reagent has a
sliding curve within 10 min. When we separate PDMS from
the reagent mixture, the mixture still saturates the PDMS
surface, and the contact angle profile is not steady. The three
surface treatment reagents all recovered their hydrophobic
properties after 16 h at room temperature, and the surface
film had lost its activity entirely, which led to the reaction
that the contact angle gradually increased. The comparison
of the three reagents shows that the contact angle of PDMS
modified by the Tween 20 reagent is the lowest, and the sur-
face is modified to be hydrophilic. Therefore, the Tween 20
modified film is superior to the other two surface treatment
reagents.
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Fig. 10 (a) The FTIR spectra 0.35]
for the PDMS sheet treated with
Tween 20 solutions. (b) The
specific FTIR spectra for the
PDMS sheet treated with Tween 025
20 solutions
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The methyl group is the key to adsorbing proteins on
the surface of the microchannel. While the surface of the
microchannel becomes rough, the contact area between the
microchannel and the protein increases, and the adsorption
of the sample and the methyl group increases. Therefore,
discussing the surface roughness of the PDMS sheet is nec-
essary. In this paper, we use the contact mode of the atomic
force microscope (AFM) to measure the average roughness
(R,) of PDMS, and the surface morphology of PDMS can
be obtained through the AFM image results, as shown in
Fig. 14.

After we know the surface type of untreated PDMS,
we can compare different surface treatment methods. We
immerse PDMS in the surface treatment reagent for 1 h,
remove it from the reagent, and use a rubber air blower to
remove the surface liquid. However, we must keep the sam-
ple wet to avoid changes in the surface film. Figure 14 shows
the AFM measurements of PDMS after surface treatment.
According to the figure, we illustrate the average roughness

(b)

of the surface-modified film, and the roughest is PVP with a
concentration of 1 mg/mL. This result may be because PVP
is a kind of adhesive that will be adsorbed and bonded to
each other during surface modification. The resulting sur-
face is relatively rough. The most detailed is Tween 20 with
a concentration of 20%. Since the AFM used in this article
will change its unit according to the overall roughness, the
3D image will appear rough. Tween 20 is attached to the
surface using the characteristics of esters to form a fine and
smooth surface. Therefore, the surface roughness is the least
for Tween 20. This result is consistent with FTIR.

3.3 PCR amplification in the microfluidic chip

We verified the feasibility of this experimental device
in PCR application. We compare the gel electrophoresis
results of nucleic acid products after modifying the micro-
fluidic channels with surface treatment reagents. The DNA
fragment used in this work is Q fever virus, and the DNA
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Fig. 11 (a) The FTIR spectra
for the PDMS sheet treated with
4 mg/mL of BSA, 4 mg/mL of VP (imgin
PVP, or 20% of Tween 20. (b) Tween (20%)
The specific FTIR spectra for the Untreated
PDMS sheet treated with 4 mg/ ’
mL of BSA, 4 mg/mL of PVP or
20% of Tween 20
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fragment is 385 bp. The ratio of other added reagents, such
as primers and PCR reagents, is shown in Table 1. The steps
of the PCR experiment are as follows: first, we inject the
surface treatment reagent into the microchannel by using
the sample driving system, and after standing for one hour,
air flow pushes it out of the channel. We use the temperature
control system to control the heating rod and the Peltier ele-
ment to form the temperature zone required for PCR. Then,
we use the self-made temperature measuring chip and an
infrared thermal imager to measure the chip’s temperature to
avoid the experiment’s failure due to incorrect temperature
distributions. After completion, we install the chip on the
device and inject 10 pL of the PCR mixture into the micro-
channel at a | pL/min flow rate. Finally, we compared it
with the amplification of a commercial PCR thermal cycler.

First, we discuss the effect of microfluidic surface treat-
ment on nucleic acid amplification. Surface treatment can
effectively help DNA amplification, so this article compares
three treatment reagents. We draw 10 uL of PCR mixture
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and inject the liquid into a non-surface-treated channel and
a surface-treated one with a concentration of 5% Tween 20
at a flow rate of 1 pL/min for PCR reaction comparison,
as shown in Fig. 15. From the gel electrophoresis image,
lane MK is a DNA marker, and lane M is the amplifica-
tion result of a commercial PCR thermal cycler. The param-
eters are set to 367 K preheating zone for 180 s, followed
by high temperature 367 K, medium temperature 345 K,
and low temperature 328 K. We set a dwell time for each
isothermal process of 30 s respectively, repeat 30 cycles,
and finally perform a final preheating zone at 345 K for
180 s. Then, lane 1 uses a surface treatment reagent, and
lane 2 is the untreated channel. The lane with surface treat-
ment has noticeable results, while the untreated channel is
less obvious. Therefore, surface treatment can aid in DNA
amplification.

Then, PCR comparisons are performed for different sur-
face treatment reagents, as shown in Fig. 16. The surface
treatment methods are all DNA amplification after standing
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(b)

Fig. 12 The contact angle outputs from the software for (a) the PDMS
sheet without surface treatment and (b) the PDMS sheet without sur-
face treatment

for 1 h. Lane M is a commercial PCR thermal cycler, T1 and
T2 are Tween 20 concentrations of 10% and 20%, B1 and
B2 are BSA concentrations of 1 and 2 mg/mL, and P1 and
P2 are PVP concentrations of 1 and 2 mg/mL. The results
show that the effect of T2 is relatively apparent, but it is
still not comparable to the results of commercial PCR ther-
mal cyclers. However, the results of lanes B1 and B2 could
be more varied. Although many researchers used BSA as a
blocking agent to improve amplification in microchannels,
their effect is limited, which will lead to this result. BSA has
not significantly affected amplification yield when used in
PCR amplification free of any PCR inhibitors (Kramer and
Coen 2001). Integrating the surface treatment comparison
and the actual PCR results, the overall product of Tween
20 is relatively good because Tween 20 is an emulsifier,
and it has excellent performance in both adhesion proper-
ties and coated samples. However, PVP is mainly due to its
structure having many methyl groups, and no good data is

demonstrated in either FTIR or hydrophobicity, so we cannot
correctly predict the relevant comparison. Dynamic passiv-
ation by adding PVP increased the PDMS/glass microchip
PCR product. However, as shown in the studies of Kim et
al. (2006), Xia et al. (2007), and Chen et al. (2007), the addi-
tion of PVP did not completely solve the problem of enzyme
adsorption to the microchannel wall. Furthermore, higher
concentrations of PVP might result in reaction inhibition.
From the studies of Xia et al. (2007) and Chen et al. (2007)
that the native PDMS or glass surface in an aqueous solu-
tion is negatively charged, while PVP is positively charged;
therefore, if the surface adsorbed PVP before loading the
PCR mixture, which might have helped reduce enzyme
adsorption on the microchannel surface, thereby improv-
ing PCR product yield and specificity. Finally, BSA uses the
same characteristics for protection, and its effect is limited.

4 Conclusions

This paper uses MEMS process technology to fabricate
the PDMS/glass microfluidic chip. Then, we use the 8051
single chip and DS1821 temperature measuring element to
create a temperature control system and complete the heat-
ing and cooling of the chip. We set up a low-temperature
zone in the center of the bottom of the chip, and the two
sides are a high-temperature zone and a medium-temper-
ature zone. The low-temperature area blocks the effective
influence of medium-temperature and high-temperature. An
infrared thermal imager measures the surface temperature,
and a thermocouple measuring chip and the temperature-
changing dye measure the interior temperature. The differ-
ence between the internal and surface temperatures is about
6 to 8 K. The temperature of the sample reaches the speci-
fied temperature through each temperature zone, which con-
firmed that the micro-device designed in this paper could
meet the needs of PCR.

Then, we carry out three measurements on the surface
treatment reagents in the pretreatment of microchannels.
We used FTIR to measure the surface characteristics of
PDMS and the spectrum of methyl groups to compare the
coating properties of different concentrations of surface
treatment reagents. Then, we use AFM to observe the sur-
face morphology. When the surface of PDMS is rougher, it
inevitably reflects the attachment of the sample. The sur-
face treatment agent is a hydrophilic solvent in water, and
PDMS is a hydrophobic material. Therefore, we can present
the effect of the surface agent on the contact angle. Based on
the above measurements, when the concentration of Tween
20 is 20%, the modification effect is relatively sound, the
roughness of the treated PDMS surface is about 7 nm, and
the adhesion is much higher than the other two. Finally, we
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Fig. 13 The measured contact angle profiles of the PDMS sheet (a) treated with BSA solutions, (b) PVP solutions, and (¢) Tween 20 solutions

compare the difference in PCR amplification between the
channels with or without surface treatment from the gel
electrophoresis pattern. All chips with each reagent can suc-
cessfully amplify DNA fragments of Q fever by adding dif-
ferent surface treatment reagents and comparing them. The
amplification result is the best with Tween 20, followed by

PVP, and finally, BSA.
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Reagent Ra, avg (nm)

— 221.00

Tween 20: 10% 72.19

Table 1 The concentrations and volumes of the mixture

Component Reaction mixture  Final
(uL) concentration
Nuclease-free To 50 —
2% Reaction Buffer 25 Ix
15 mM MgCl, 5 1.5 mM
10 mM dNTP 1 200 uM
10 uM Forward primer 2.5 0.5 uM
10 uM Reverse primer 2.5 0.5 uM
DNA Polymerase from Ther-  1.25 U/50 uL 1.25U
mus sp Reaction Reaction
Template DNA 5 Variable(< 250
ng/ul)

Tween 20: 20% 7.39

BSA: 1 mg/mL 35.01
BSA: 2 mg/mL 66.69
PVP: 1 mg/mL | 311.10
PVP: 2 mg/mL | 159.10

Fig. 14 The average roughness (R,) of PDMS and the surface mor-
phology of PDMS obtained through the AFM image results
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